ABSTRACT As a promising approach to assist the fifth-generation (5G) communication system, geostationary (GEO) satellite communication technology is expected to be utilized to provide an efficient and reliable coverage for the terrestrial cellular network. Most multi-beam GEO satellites work on the low-inclination GEO orbit. Due to various unexpected factors, e.g., the imperfect satellite orbit, attitude, and antenna deformation, the practical satellite beam pointing on the earth surface will deviate unfortunately from its designed theoretical location. Although the center boresight-to-ground point of the satellite multi-beam antenna can be maintained via the control of attitude bias and track retention, the practical beam pointing center would still experience inevitable deviations, causing unwanted ground coverage drifting in engineering applications. To combat this, in this paper, we first provide a comprehensive calculation approach for the actual beam pointing on the ground of a satellite multi-beam, which is also validated via the theoretical analysis on the measurement from a ground-based calibration station. On this basis, a simple yet effective data-driven model is established to characterize the dynamical deviating trends induced by various unexpected influences. Finally, a novel beam pointing calibration scheme is designed, based on the Kalman filter. By tracking the coupling coefficients between elevation angle and azimuth angle in our simple model, a pre-deformation is added to the designed beam. Our proposed approach for the beam pointing calibration is validated by the numerical simulations. An improvement of 78.26% is achieved in maximum ground-surface pointing deviation distance.
direction [9] . Besides, during the movement of geostationary satellites, the beam direction would also be affected by many unexpected factors such as the gravitational force of the sun and the moon, the non-uniform gravitational field of the earth, and the time-varying solar radiation pressure, etc, which may further deteriorate the ground-surface beam pointing accuracy. Combined together, the serious beam pointing deviations (e.g. 0.05 degree) will significantly change the actual coverage area on the ground, due to the long distance between the geostationary orbit and the ground-surface (typically more than 35,000 kilometers), thus affecting the communication quality of the ground satellite station.
Based on the above, to guarantee the quality of satellite communication, the beam pointing deviations should be calibrated timely. And various methods aiming at combating the aforementioned beam pointing drifting problem can be found in the literature [10] [11] [12] [13] [14] [15] [16] . Specifically, a direct method is to track the satellite with daily varying locations, and thereby accordingly adjust the beam pointing direction at the ground satellite station [11] . However, these methods still suffer from unsatisfied communication performance, since the beam pointing of the satellite antenna is not calibrated accordingly. Another kind of satellite beam pointing calibration method is based on optimization algorithms, which search for the better pointing direction or trajectory to achieve higher communication performance [12] , [13] . In [12] , an optimization model is formulated to minimize the indicators of redundancy and homogeneity, by searching for the best beam pointing parameters. Unfortunately, optimization-based techniques require high energy costs and become less attractive for some sequential low-latency tasks. Another antenna pointing direction adjusting mechanism is provided in [14] , which changes the antenna pointing at several specific times in a day, in order to maintain medium quality communications. Nerveless, it fails to guarantee the real-time communication performance and can hardly deal with sudden incidents. Besides, a promising satellite beam pointing calibration method is proposed to apply the ground-based uplink beacon signal in the calibration process [15] , [16] . To be specific, the ground satellite station transmits the beacon signal to the specialized sections of the satellite, which helps the satellite to perform the pointing correction operations to compensate the pointing deviation. However, these techniques may require extra transmission resource (time/frequency) for the beacon signal, complicating both the hardware and protocol design.
Different from the mentioned advanced and complicated calibration methods, a simple yet efficient method would be the basic satellite attitude control technique. Specifically, the satellite continuously operates the proactive control of the satellite attitude bias, so as to maintain the central bore-sight axis direction of the satellite antenna [10] , [17] . As such, the deviation of the antenna's bore-sight pointing can be eliminated. The basic satellite attitude control technique possesses the advantage of low hardware complexity and no prior information required. Therefore, it has been widely utilized in today's satellite systems. However, a major obstacle of this method is that, although the bore-sight axis of the satellite multi-beam antenna can point to a certain position on the ground surface, the other beams' pointing locations on the ground would still drift along with the corresponding antenna's central axis. Practical measurements also indicate that the actual beam pointing center moves periodically within a day [18] , [19] .
To cope with the periodic beam pointing drifting problem, this paper proposes a new satellite beam calibration method. A simple dynamical model based on the solid calculation mechanism of the actual ground-surface pointing center is provided. Based on this, an Extended Kalman Filter (EKF) based adaptive calibration algorithm is proposed to dynamically compensate the ground-surface pointing deviation. Similar to the basic attitude control technique, our calibration method is data-driven without prior information and complicated hardware operations. In summary, our main contributions in this work are listed as follows.
1) We give a complete description of the involved coordinate systems in a satellite scenario, and then design a calculation process of the actual beam pointing center. Using this calculation process, we are allowed to theoretically derive the deviated trajectory of the actual beam pointing, after distorted by multiple unexpected influences.
2) Inspired by our theoretical calculation process, we further abstract a simple yet effective data-driven model to characterize the dynamical behaviors of the measured angle deviations. Specifically, we are now only interested with the dynamical drifting of actual elevation angle and azimuth angle, which can sufficiently capture the complex coupling of various coordinate systems and unexpected influences.
3) We design a novel adaptive beam-pointing calibration algorithm based on EKF. By estimating and tracking the hidden coefficients in our established dynamical model, the realtime pre-deformation is performed at the satellite-end, i.e. by adding a pre-deviation angle on the designed beams. We expect this would effectively calibrate the ground-surface beam pointing direction and minimize the undesired drifting. 4) We evaluate the performance of our proposed adaptive calibration algorithm via numerical simulations. We demonstrate that, compared with uncalibrated cases, with our new scheme the actual beam pointing area is now more focused around the designed ground-surface location. Both the deviation error in longitude and latitude can be reduced significantly. Thus, our proposed dynamic calibration technique can effectively address the pointing coverage deviation problem in GEO satellite and potentially enable high-quality satellite communications in the future.
The rest of this paper is organized as follows. Section II first gives a description of the various coordinate systems involved in the satellite-ground framework, and explains briefly the satellite beam measurement principle, together with the definition and derivation of the measurement angles at the ground calibration station. Then the calculation process of the beam pointing center on the ground is theoretical given. In Section III, inspired by the beam pointing calculation procedure, we further abstract a novel dynamical transition model to describe the variation of the beam center measurement angle derivation, with the help of two hidden coupling coefficients. The sequential beam pointing calibration algorithm, which is based on the estimation of the hidden coupling coefficients via EKF, is fully elaborated in Section IV. Section V presents numerical simulation results to prove the efficiency of the proposed calculation and calibration mechanism, and Section VI draws the conclusion.
Notations: The boldface upper and lower letters are used to denote matrices and vectors. The superscripts T and −1 represent transpose and reverse respectively for a matrix.
| · | denotes the absolute value of a vector. · is the scalar product operator. The subscript t|t − 1 is used to denote prior distributions, whereas t|t and t − 1|t − 1 are used to denote posterior distributions.
II. CALCULATION OF THE ACTUAL GROUND-SURFACE BEAM POINTING

A. DEFINITION AND TRANSFORMATION OF THE INVOLVED COORDINATE SYSTEMS
Consider a satellite system illustrated in Fig. 1 . A GEO satellite is working around the earth (denoted by the blue globe) on the low-inclination geostationary orbit, which is in the same orbital plane as the Equator line. The black arrow in the middle represents the earth's axis. In order to elaborate the relationship of the beam direction at the satellite and the actual beam pointing on the ground with great clarity, we first provide a description of the involved various coordinate systems. Fig. 1 , is defined in the antenna designing process. Generally, the origin of this coordinate system is the apex of the antenna paraboloid. The OZ a -axis is the bore-sight axis, pointing to a fixed location on the ground. The OX a -axis correspondingly points to the satellite moving direction [20] . Then we define the primitive transformation matrices commonly used in coordinate system transformations:
where θ is the angle of rotation around the axis X, Y or Z, respectively. The transformation process from the Earth-fixed Coordinate System to the Satellite Antenna Coordinate System is shown as Fig. 2 , which involves all of the coordinate systems mentioned above. The transformation matrices illustrated in Fig. 2 are given as follows [12] :
where t G is the hour angle of the Greenwich Spring Equinox, µ is the latitude argument, is the right ascension of the ascending point, i is the orbital inclination, ϕ is the yaw attitude angle, θ is the pitch attitude angle, φ is the rolling attitude angle. C ab is the antenna installation matrix, where that are around the Z b axis, the X b axis and the Y b axis, respectively. Besides, the inverse transformation matrix of the coordinate system is the transpose of its transformation matrix.
B. BEAM POINTING MEASUREMENT PRINCIPLE
In the satellite beam calibration system that utilizes downlink calibration, the satellite multi-beam antenna pointing measurement system is generally composed of the reference beam transmitted from the satellite and the ground calibration station.
As shown in Fig. 3 -(a), the GEO satellite will transmits 4 calibration beams on the ground, i.e., S, N, W, and E. The plane figure is shown in Fig. 3-(b) . The receiving antenna of the ground calibration station is located at the point O. When the power points O of the satellite calibration beams coincide with the point O, the power levels of these 4 beams received at the point O are then all equal. Whereas when the power points O of the 4 beams deviate from the point O, then the power level difference of the 4 beams at O can be utilized to calculate the position difference between the power point O and O.
In order to reduce the measurement error caused by the satellite power fluctuation, the ground calibration station usually adopts the normalized differential pointing error measurement method. Specifically, we set that the beam power measurements in the 4 directions are E 2 , W 2 , S 2 , and N 2 , respectively, then the north-southern directional deviation can be given by:
Whereas the east-western directional deviation can be given by:
where k NS and k EW are the measurement correction factors, which are related to the satellite antenna pattern. When the ground calibration station is located right under the satellite bore-sight pointing direction, the aforementioned north-southern directional deviation β corresponds to the elevation angle deviation of the beam pointing. And the east-western directional deviation α corresponds to the azimuth angle deviation.
In practical engineering applications, the ideal elevation angle and the azimuth angle of the satellite antenna direction, when pointing at the equipower overlapping point of the ground satellite station, are denoted by β and α, respectively. Then based on the measurement deviation data obtained by the ground calibration station in the Satellite Antenna Coordinate, the actual elevation angle and azimuth angle deviations of the operating satellite can be written as:
(6b)
C. CALCULATION OF THE CENTER OF AN ARBITRARY BEAM POINTING TO THE GROUND
Generally speaking, the nominal working condition is defined as the condition when the satellite is at its fixed position within a day, and dynamical working condition is defined when the satellite is located at other orbit positions. Suppose that at a certain nominal moment, the satellite is located at the geographic location of (λ s , δ s ) (Latitude and Longitude). An arbitrary beam center is designed to point at a geographic coordinate (λ b , δ b ), and the actual deviated beam pointing coordinate on the ground is (λ b , δ b ), then the designed pointing vector of the satellite beam at this moment, denoted by d sb , can be written as:
where h is the height of the satellite orbit, R is the earth's radius. Unitize d sb to obtain p g = d sb /|d sb |, which is then converted to the pointing vector under the Satellite Antenna Coordinate System as:
where C ag = C ab C bd C do C oi C ig is the transformation matrix from the Earth-fixed Coordinate System to the Satellite Antenna Coordinate System, in which the orbit and attitude information can be measured and obtained from the ground satellite station, by means of acquiring the remote telemetry information. According to Eq. (6), the actual deviated pointing direction of the beam center at this moment under the Satellite Antenna Coordinate System can be further derived by:
The geometrical relationship of the earth's center, the satellite and the actual ground-surface beam point (λ b , δ b ) is shown in Fig. 4 . According to the shown triangular vector relationship, a geometrical equation can be established as d os +d sb = r which yields a derivation of the actual pointing vector, i.e., |d sb |, as:
where d os , d sb and r denote the vectors from the earth's center to the satellite, from the satellite to the ground-surface beam point and from the earth's center to the ground-surface beam point, respectively. Then we transform the equation d os + d sb = r to the Earth-fixed Coordinate System and obtain the following equation:
where 
III. MODELLING THE TIME-VARYING PROPERTY OF MEASUREMENT ANGLE DEVIATION
Next, to cope with the satellite beam pointing drifting calibration process, the theoretical model of the beam pointing deviation should be captured. It can be observed from the above section that the actual beam pointing system model is relatively complex. While we note that the satellite beam pointing drifting is directly related with the measured azimuth and elevation angle deviations ( α and β). And these deviations can be directly observed. Therefore, we turn to modeling these angle deviations, by which the actual ground-surface beam pointing drifting trajectory can be indirectly described. However, it is noted that the actual measurement angle deviations are caused by various unexpected impacts. So that the direct modeling of these deviations can be relatively tough. But we note that the two angle deviations show obvious periodic characteristics with a significant correlation, which allows us to consider the coupling property of the two angle deviations.
On this basis, we establish a simple yet efficient measurement angle deviation model, by taking the above coupling property into account. Two coupling coefficients are assigned as hidden parameters to describe the correlation between the measured azimuth angle and elevation angle. The advantages of introducing these coupling coefficients are two-fold. On hand, these coefficients can help with directly modeling the beam pointing deviation system. And all of the influences that result in the periodic drift can be captured jointly. On the other hand, the dynamical property of the beam pointing drifting can be further captured by investigating the variation behavior of these coupling coefficients.
Specifically, suppose that at discrete time t, on measuring the actual azimuth angle α t and elevation angle β t of a certain beam pointing center, we put the two angles together to formulate a measurement pointing angle vector y t = [α t , β t ] T . Besides, we denote an ideal pointing angle vector y 0 = [α, β] T , which represents the measurement angles when the beam is pointing at the ideal location on the ground. Combining all of the impacts that drift the ground-surface beam pointing periodically to one single factor for analysis simplicity, two hidden coupling coefficients, µ t and ξ t , are assigned to capture the coupling relationship between α t and β t , by which the actual measurement pointing angle vector can be derived by
where n t is a noise vector. By sequentially acquiring the two hidden coupling coefficients, the calibration can be implemented on the satellite to adjust its beam pointing according to µ t and ξ t , which, therefore, should be sequentially estimated to accomplish the calibration process. VOLUME 7, 2019
IV. CALIBRATION OF BEAM POINTING CENTER
In this section, based on the constructed measurement angle deviation model, we propose a novel satellite beam pointing calibration mechanism to combat the periodic drift of the beam pointing on the ground. First, a Dynamic State-space Model (DSM) is established to describe the dynamical property of the introduced coupling coefficients, which treats the actual beam pointing angle as the system measurement. Subsequently, an EKF based estimation algorithm is designed to estimate and track the coupling coefficients in real time, which is based on the consecutively obtained actual deviated beam pointing angle data during a tracking period of 24 hours. Finally, a beam pointing calibration mechanism is designed and conducted on the satellite-end based on the estimated coupling coefficients to sequentially calibrate the beam pointing on the ground. The specific mechanism is fully stated below.
A. SEQUENTIAL COUPLING COEFFICIENTS ESTIMATION
It is noted that directly obtaining µ t and ξ t via Eq. (14) may result in an unsatisfied accuracy due to the fact that y t shows an extreme variation except the periodic drift. Therefore, we adopt the classic Kalman filter to sequentially estimate the two hidden coefficients in their posterior forms. To conduct such a procedure, a DSM should be constructed to capture the dynamical feature of the two hidden coupling coefficients. Assigning x t = [µ t , ξ t ] T the state vector of the coupling coefficients, the established DSM is shown in Eq. (15) and Eq. (16), i.e.,
Here, Eq. (15) is referred to as the dynamic equation to capture the stochastic evolution property of the state vector x t , i.e. the dynamical property of two coupling coefficients. f (·) is the transitional function and h(·) is the observational function. w t is the transitional white Gaussian noise with mean 0 variance σ 2 w . Considering that the dynamic evolution of x t is a consecutive process and for modeling simplicity, the state transition is linearized to a single transitional matrix F t as
where A and B are two parameters that control the scaling rates of the two coupling coefficients. Eq. (16) is the measurement equation to describe the relationship between the observed y t and the state vector x t , which is same with Eq. (14) but in view of x t . It is noted that h(·) is non-linear according to Eq. (14) . Therefore, to further conduct Kalman filtering processes, h(·) should be linearized. We first derive an expanded form of Eq. (14) as
By calculating the Jacobian matrix as ∂h/∂x t , the first-order linearized measurement matrix H t can be obtained as
n t = [n 1,t , n 2,t ] T is the observable additive white Gaussian noise with mean 0 and variance σ 2 n . Subsequently, the sequential estimation of the state vector, i.e. two hidden coupling coefficients, is accomplished by a two-step procedure, i.e. prediction and update. To be specific, denote the estimated state and the covariance matrix of the coupling coefficients at time t − 1 as x t−1|t−1 and P t−1|t−1 respectively, then the first-step prediction of x t−1|t−1 to obtain x t|t−1 can be expressed as:
And the system observation can be predicted to obtain t t|t−1 according to the following equation:
Besides, a first-step covariance matrix prediction can be conducted via:
where Q t is the covariance matrix of the transitional noise vector w t . It should be noted that Q t is obtained according to the actual measurement data of the satellite. Then based on the predicted first-step covariance matrix P t|t−1 , the Kalman Filter gain matrix G can be computed via:
where R t is the covariance matrix of the observation noise vector n t , which is also obtained by the actual data. Then the update equations for the state vector and the covariance matrix of the coupling coefficients at time t are shown as follows:
where I 2 is a diagonal matrix with a dimension of 2. x t|t is then output to be the estimated hidden coupling coefficient vector at time t.
B. REAL-TIME CALIBRATION OF THE GROUND-SURFACE BEAM POINTING
After obtained the estimated coupling coefficients of the azimuth angle and elevation angle, the periodic drifting system response can be captured. Then the beam pointing calibration can be implemented via adjusting the beam emission direction consecutively to compensate the deviation introduced by the two coupling coefficients. To be specific, denote the estimated coupling coefficients at time t asμ t andξ t . By appropriately adjusting the beam pointing direction on the satellite, the ideal beam pointing on the ground will be moved away from the original location, causing a change of the observed azimuth angle and elevation angle at the ground calibration station from [α, β] T to [α + α C , β + β C ] T , where α C is the calibration azimuth angle and β C is the calibration elevation angle. So that the aim is to introduce the calibration angles to change the ideal beam pointing and utilize such a calibration to compensate the deviation induced by the coupling coefficients. Based on the above elaborations, in order to sequentially obtain the two calibration angles, the estimated coupling coefficients are utilized to formulate a calibration equation as:
which yields the following results as:
Since the coupling coefficients are estimated in real time, the calibration angles will be timely updated to consecutively calibrate the beam pointing on the ground during a tracking period of 24 hours.
V. SIMULATION RESULTS
Assume that the orbital location of the GEO satellite is 105 • E longitude, the inclination angle of the orbit is 6 • , and the central visual axis of the satellite antenna points to the geographic latitude and longitude of (32 • N, 105 • E). Suppose that at the nominal moment, one of the satellite antenna beams points to the geographic latitude and longitude of (44 • N, 124 • E), which is also the location of the ground station. The elevation angle of the ground station ranges from 30 • to 42 • . The theoretical ground-surface location trajectory of the satellite beam pointing during a tracking period of 24 hours is shown in Fig. 5 . It can be seen from Fig. 5 that the ground track of the beam center pointing in a day is in a figure of ''8''. Taking into account the multiple influences such as the low-inclination geostationary orbit, the satellite attitude and the antenna deformation, that may affect the satellite antenna beam pointing directions, the actual beam pointing deviation measured by the ground calibration station is shown in Fig. 6 . It is seen that the actual beam pointing center without calibration shows an extreme drift in elevation angle and azimuth angle, respectively. And the elevation angle deviation is larger than that of azimuth angle. As a result, the actual beam pointing on the ground could be severely affected and significantly deviate from the ideal geographic point.
Next, Fig. 7 shows the measured angle deviations after beam pointing calibration. For comparative study, we employ the widely utilized satellite attitude control technique as the baseline. Since that among the mentioned existing calibration methods, the attitude control method requires low processing complexity and no prior information, which is similar to our calibration method. From Fig. 7 we can see that, although the attitude control method can combat the unexpected beam pointing drifting and reduce the deviation to a certain degree, the measured angle deviations is still significant. Since as mentioned before, although the satellite consecutively adjusts its attitude to make the bore-sight direction VOLUME 7, 2019 point at a fixed location on the ground, the ground trajectories of the other beams still experience unexpected deviations. But our parameter estimation based calibration method can efficiently suppress the periodic measurement angel deviations, leaving only the additive measurement noise. Specifically, when comparing with the attitude control method, the measured maximum elevation angle deviation is reduced from about 0.2 • to less than 0.03 • . Whereas the measured maximum azimuth angle deviation is reduced from 0.1 • to less than 0.05 • .
Based on the measured satellite beam pointing elevation angles and azimuth angles, the actual ground-surface beam pointing trajectory can be calculated, by utilizing the proposed ground-surface pointing center calculation mechanism. The actual ground-surface beam pointing trajectories during a tracking period of 24 hours with and without beam pointing calibration are shown in Fig. 8 . It is seen from the gray squares that the actual ground-surface beam pointing trajectory without beam pointing calibration is significantly deviated from the ideal pointing geographical location, i.e., (44 • N, 124 • E). By utilizing the satellite attitude control method, the actual ground-surface pointing deviations (represented by the plus signs) can be reduced. But the improvement is limited, as the beam trajectory is still deviating from the ideal location periodically in a day. The red diamonds shown in Fig. 8 is the calculation result of the proposed parameter estimation based beam pointing calibration technique. It is demonstrated that our calibration method can efficiently suppress the periodic ground-surface pointing deviation into a small region, which ranges from the Longitude 123.5 • E to 124.5 • E, and from the Latitude 43.6 • N to 44.6 • N. Fig. 9 shows the comparison of the Probability Density Functions (PDF) of the actual ground-surface beam pointing location data with and without beam pointing calibration. It can be seen that the ground-surface pointing location data without calibration is randomly distributed in a wide range in either Longitude or Latitude. When using the satellite attitude control technique to calibrate the bore-sight direction of the multi-beam antenna, the beam pointing deviation reduction performance is not satisfied. The longitude deviation can only be reduced by about 0.5 • and the latitude deviation can be reduced by about 0.7 • . (See the blue crosses shown in Fig. 9 ) While our calibration technique can make the ground-surface pointing trajectory focus tightly around the ideal pointing location (44 • N, 124 • E). The PDF of both the Longitude and Latitude data can be regarded to approximately subject to Gaussian distributions. Specifically, the maximum Longitude pointing deviation is reduced from 3 • to 1 • , whereas the maximum Latitude pointing deviation is reduced from 5 • to 1 • . In view of geographical distance, the maximum ground-surface pointing deviation distance is reduced from about 368 km to 80 km.
Moreover, the comparison of Cumulative Distribution Function (CDF) of the beam pointing location deviation (represented by both the Longitude error and Latitude error) is further shown in Fig. 10 . It can be seen that the attitude control technique can indeed improve the beam pointing performance. Specifically, when the Longitude error is 1 • , attitude control technique can achieve an improvement of about 32.1%. And when the Latitude error is 2 • , an improvement of 8.25% is achieved. However, the improvement brought by our calibration method is significant. The maximum Longitude error of our method is 0.67 • , whereas 52.9% of the error after attitude control and 34.9% of the error without calibration is under this bound. The maximum Latitude error of our method is 0.6 • , whereas only 26.5% of the error after attitude control and 21.1% of the error without calibration is under 0.6 • . Besides, the medium error of Longitude is 0.141 • for our method, 0.582 • for the attitude control method, and 0.9 • for the data without calibration. And the medium error of Latitude is 0.138 • for our method, 1.215 • for the attitude control method, and 1.675 • for the data without calibration, respectively.
VI. CONCLUSION
For GEO multi-beam satellites operating on the lowinclination geostationary orbit, the trajectory of the center of each beam on the satellite multi-beam antenna experiences a periodic deviation, due to the deformation of satellite orbits, attitudes, and the satellite antenna, causing an extreme variation of the coverage on the ground of each beam. To cope with this problem, this paper first provides a calculation scheme for the actual beam pointing on the ground based on the measured values obtained at the ground satellite station. Then a measurement angle deviation model is abstracted and constructed to fully capture the actual pointing trajectory drifting, with two coupling coefficients introduced as the hidden parameters to describe the intrinsic measurement angle deviation system. The coupling coefficients are then sequentially estimated via an EKF based estimation algorithm. Finally, the real-time ground-surface beam pointing calibration is accomplished with the help of the estimated coupling coefficients. Numerical simulations demonstrate that the proposed calibration method can sufficiently suppress the coverage deviation, reducing the maximum ground-surface pointing deviation by about 78.26%. The proposed mechanisms can provide wide references for the designs and applications of the practical satellite-terrestrial communication systems, and high reliable and efficient 5G networks. CHENGLIN ZHAO received the bachelor's degree in radio-technology from Tianjin University, in 1986, and the master's degree in circuits and systems and the Ph.D. degree in communication and information system from the Beijing University of Posts and Telecommunications (BUPT), Beijing, China, in 1993 and 1997, respectively, where he is currently a Professor. His research interests include emerging technologies of short-range wireless communication, cognitive radios, and 60-GHz millimeter-wave communications.
